Introduction
The concern about persistent organic pollutants (POPs) has considerably increased in recent years [1] . Among the most frequent representatives of POPs in the natural environment are polycyclic aromatic hydrocarbons (PAHs) [2] . PAHs are a diverse family of more than 100 lipophilic organic contaminants composed of two or more fused aromatic rings [3] . These compounds are mostly formed in incomplete combustion of organic matter as a consequence of a series of natural and anthropogenic processes [4] . Due to their lipophilic nature, PAHs are accumulated in oils and fats that are a significant dietary source [5] .
Vegetation plays an important role in the global PAH cycle [6] . The most frequently mentioned uptake pathways of PAHs in plants are: (1) their root uptake from soil solution, and subsequent translocation from roots to shoots in the transpiration stream; (2) absorption by roots or shoots of volatilized organics from the surrounding air by shoots; (3) uptake from contaminated soil and dust followed by retention in the cuticle or penetration through uptake and transport in oil channels which are found in some oil-containing plants such as carrots [7, 8] . Gao and Zhu (2004) studied the root uptake of PAHs by various plant species, and found that plant accumulation of PAHs correlated with oil PAHs concentration and plant composition [9] . There are divergent data in the literature regarding the possibility of PAH uptake by the roots and their transportation to the aboveground plant parts. Much information has been collected indicating that many higher plants may not take up PAHs [10] . It is assumed that this type of transportation is only possible in the case of 2-3 ring PAHs with low molecular weight, whereas 3-6 ring heavier PAHs show a tendency to sorb on the surface of root cells [11] . The main accumulation pathway for such compounds is from the air to the leaf surface [12] . It has been suggested that lipophilic organic pollutants including PAHs are strongly associated with soil organic fraction, and are not expected to be susceptible to plant uptake and subsequent translocation [9, 10] .
The European Union (Commission Regulation No. 208/2005) has recently set maximum levels of 2 ppb for benzo/a/pyrene in oils and fats intended for direct consumption or as an ingredient in foods [13] . Little is known about the impact of willow trees on the fate of organic pollutants in soils and sediments yet. However, the ability of poplar trees to remove organic contaminants is already documented [14, 15] .
Polychlorinated biphenyls (PCBs) were used for a variety of industrial purposes from the 1920´s to the 1970´s, when concerns about their possible negative health and environmental impacts led to a worldwide ban on PCB production [16] . PCB congeners are stable, persistent, particle reactive and highly lipophilic, with low vapour pressures, low reactivity, low water solubility but very high solubility in organic solvents [17] . As a result, PCBs sorb strongly to organic matter present in soil or sediment, are soluble in lipids, and can bioaccumulate in the food chain [18] . In the terrestrial environment, the uptake of semivolatile lipophilic compounds into plants has been addressed by numerous studies [19] [20] [21] [22] . The uptake and translocation of PCBs to aboveground biomass was reported for corn (Zea mays L.), cabbages (Brassica oleracea var. capotata L.), carrots (Daucus carota L.) [23] [24] [25] , squash (C. pepo ssp. ovifera), zucchini (C. pepo ssp. pepo) [26] , beets (Beta vulgaris), turnips (Brassica rapa L.) and beans (Phaseolus vulgaris) [27] .
To our knowledge, the majority of mentioned experiments was done in model pot experiments either with spike PCBs or PAHs, and few results are available from sites which are subject to long term contamimation by both groups of POPs. The aim of our research was to investigate the accumulation of PAHs and PCBs by the willow (Salix x smithiana), poplar (Populus maximowiczii), maize (Zea mays L.) and sunflower (Helianthus annuus) grown in a precise field experiment in anthropogenically contaminated urban soil, and to determine the effect of different PAH and PCB soil concentrations on uptake by the above mentioned plants.
Experimental Procedures

Soil description
Tested plants were grown in the soil (contaminated approximately 15 years ago) of a former waste incineration plant in the suburb of Hradec Kralove (Czech Republic) [28] . Eleven sampling points were chosen on a site of 337 m 2 representing a lot commonly used for stored materials. Sampling points were evenly placed around the land to give us information about the contents of toxic compounds in the soil surface layer. Collection points were located by GPS (Global Position System). At least eight subsamples were taken from 0-20 cm depth within the circle of a 6 m diameter for each sample. Air dried samples were homogenized, frozen and analysed. Two areas with different levels and types of contamination were chosen out of eleven analysed extraction sites. Two plots with an area of 3 x 3 m each were prepared. Basic characteristics of soil parameters are summarized in Table 1 . The relationship between PCB and PAH concentration and the soil properites were investigated (pH/CaCl 2 , pH/H 2 O and C ox. ). General soil parameters varied between the two plots. The soil can be described as acidic with a higher organic carbon content at sampling point N o 5, while having a neutral pH with a much lower organic carbon content at sampling point N o 4. High soil C ox value at sampling point N o 5 could be the cause of uncontrolled storage of organic compounds and materials intended for burning. PCB and PAH contents in soil samples are displayed in Tables 2 and 3 . Table 1 . Agrochemical parameters of soil used for growth of plants.
Methods
* according to Mehlich (1984) [29] and sowed out with the following experimental plants: 
PAH and PCB analyses
Results and Discussion
POP distribution in experimental plots
Evidently, contamination of this allotment is heterogeneous. In front of the incinerator building along the pavement ( Figure 1 ) there are areas with above-limit contents of PCBs. Chemical containing barrels without prevention measures for substance outflow into soil, and that had been allocated for liquidation, were stored in these areas. The portion of each congener (%) within the sum of 7 PCBs measured in soils was calculated for each sampling point. In general, lower-chlorinated (<5) PCBs are less abundant than the higher-chlorinated compounds, and hexa-PCBs (congeners 138, 153 and 180) profiles dominanted. In samples N o 5, 10 and 11 a higher proportion of penta-PCBs is observed than in other samples. Aroclor 1254 and 1260 were reported as the most used ones, especially in paints and sealants in some European countries [30, 31] . Polychlorinated biphenyls like Delor (Delotherm, Hydelor) were produced by company Chemko Stražské (East Slovakia in former Czechoslovakia) from 1959 till 1984. The high percentage of hexa-PCBs can be associated with the use and stocking of Delor 106. This mixture contains mainly penta-, hexa-and heptachlorobiphenyl congeners compared to Delor 103, which contains mainly di-, tri-, tetra-and pentachlorobiphenyl congeners. Delor 106 is analogous to Aroclor 1260 [32, 34] . Major PAH contaminants are fluoranthene, phenanthrene and pyrene on sampling sites N o 1 to 6. These sites are located in front of an incinerator building and in the surrounding area. Sampling sites N o 7 to 11 (in front of warehouses and entrance deposit) are more contaminated than previous ones. These sites are contaminated by fluoranthene, benzo/b/fluoranthene, benzo/a/pyrene, benzo/ghi/perylene, phenanthrene, pyrene, chrysene and PCBs. The relative portion (%) of polycyclic aromatic hydrocarbon within the sum of PAHs measured in soils from each sampling point was calculated ( Table 4 ). The highest portions were found for fluoranthene, benzo/b/fluoranthene, phenanthrene and pyrene in all eleven sampling points. Materials containing these compounds were evidently deposited in the area and partly burnt there. Unfortunately precise composition of materials stocked in this area was not released. Many PAHs originate as by-products of burning processes as well.
According to Cachada et al. (2009) [32] concentrations of PCBs in topsoils from five European cities were assessed and the highest levels were found in Glasgow (Scotland), followed by Torino (Italy), Aveiro (Portugal), Ljubljana (Slovenia) and Uppsala (Sweden). The highest median concentrations were 22 µg/kg in Glasgow, 14 µg/kg in Torino, 7.9 µg/kg in Aveiro, 6.8 µg/kg in Ljubljana and 5.7 µg/kg in Uppsala. All cities showed the presence of local sources of PCBs in addition to diffuse contamination from global atmospheric transport. The profiles obtained resemble Aroclor 1254 and 1260, which are important local sources. Nevertheless, differences in PCB profiles were observed among cities due to the combined effects of the age of the contamination, different sources of PCBs and differences in climate, which influence volatilisation and deposition. A study by Salihoglu and Tasdemir (2009) [35] was aimed at predicting the equilibrium soil concentrations and distributions of PCB congeners from the air data measured at 4 sites (urban, suburban, residential and industrial) in Bursa (an industrial city in Turkey). The urban and residential sites yielded higher PCB concentrations (soil concentrations renged from 25 µg/kg to 690 µg/kg) and a higher degree of heavier congeners (hexachlorinated biphenyls) than the sites characterized as suburban. The industrial site, however, was dominated by trichlorinated biphenyls, followed by tetrachlorinated biphenyls. PCB congeners 153, 180, 138, 118 and 101 were higher in all locations.
The total contents of selected persistent organic pollutants in soils are given in Tables 4 and 5 . The methodological approach of the Ministry of Environment (1996) was used for evaluation, where the decontamination limits for industrial, residential and recreational areas are recommended. This methodological approach determines A standards (overrun of these standards is considered as contamination of some component of the environment), B standards (overrun of these standards is considered as contamination that can have negative influence on human health), C standards (overrun of these standards is considered as contamination that can present a significant risk for human health and for components of the environment). After comparison of the results from the experimental soil sample analysis with maximum values from A standards, we can conclude that the total PAHs content was higher than the allowed concentration at ten sampling points (except location N o 5 
Concentrations of PCBs in plants
Two sites were chosen for the plant experiment. Site N o 5 is extremely contaminated by PCBs (1530 µg/kg). Figure 2 presents the total average content of PCBs in plants grown on plot N o 5 for three years. The PCB content during the study periods ranged from <5 to 129.5 µg/kg. The highest PCB amount was found in plant roots (49.5 µg/kg PCB in maize and 129.5 µg/kg PCB in sunflower roots). Higher amounts of accumulated PCBs were determined by Javorská et al. (2005) in carrot roots (1280 μg PCB/kg) [25] . A higher PCB uptake by carrot roots is caused by high amounts of lipids, whichare considered the most important factor affecting the uptake of these lipophilic substances by plants [36] . Our results of PCB uptake by maize are in agreement with Webber et al. (1990) [23] , who also determined the PCB uptake and accumulation ability of maize from soil treated by accumulated sewage sludge as well as the highest amount also found in maize roots. However, experiments by Shaogang et al. (1999) [37] , who observed PCB uptake and translocation in rice, show that this plant did not accumulate PCBs in roots, but rather in leaves (129.28 mg/kg dry weight of total PCBs). The aboveground biomass of our plants showed a higher amount of PCBs in leaves compared to stalks and twigs. If uptake from air (via volatilisation or atmospheric deposition) or direct soil contact was the primary pathway, the plant´s leaves would be expected to accumulate the highest concentrations of the contaminant due to their large surface area, and the lipophilic nature of plant cuticles [38] . This has been shown by Buckley (1982) to be the case for the accumulation of PCBs in maize [39] . The aboveground biomass of willows (Salix x smithiana) did not show detectable amounts of PCBs in our experiment. Pavlíková et al. (2007) [40] found in Salix viminalis and Salix caprea grown on soil with 74.7 mg PCB/kg (higher amount of PCBs than in our soil) higher PCBs content in leaves (189.9 μg PCB/kg and 203.5 μg PCB/kg), however bioaccumulation factors were low -0.003 for both willow species as well.
Variances in PCB uptake during two or three years of cultivation are evident in poplars. The aboveground biomass of poplars took up PCBs only in the first year. The next two years of cultivation showed no PCB uptake to the aboveground biomass; uptake was only to the roots, where analyses after the third year of cultivation were made. Willow roots were also harvested after the third year of cultivation, and the aboveground biomass did not take up PCBs during that three year period. PCB uptake by maize roots was at its highest in the third year of cultivation (it was double compared to the levels of the first year). However in maize leaves, the highest amount of PCBs was found in the first year. The biomass of the sunflowers took up a very similar amount of PCBs during two years of cultivation.
Distribution of PCB congeners
On the basis of our results (Table 5) , maize and sunflower roots accumulated the most considerable amount of congeners N o 138, 153 and 180. These congeners have six or seven chlorine atoms. Compared to congeners N o 28, 52, 101 and 118, which contain only three to five chlorine atoms, congeners accumulated by tested plants have a higher count of chlorine atoms in molecules. In soil samples, markedly higher concentrations of congeners with more chlorine atoms were also determined (138, 153 and 180). Chu et al. (2006) achieved results comparable to ours in an experiment with Phragmites australis [41] . They determined 24.5 µg of accumulated dichloro-PCBs and 49.0 µg of octachloro-PCBs. In these plants, PCB translocation from roots to stalks and from stalks to leaves took place only with respect to trichloro-PCBs congeners. Similarly, Zeeb et al. (2006) determined higher levels of PCBs (1.7-288 μg/kg) in the aboveground biomass of Cucurbita pepo, with the highest portion of tetra-, pentaand hexachlorobiphenyls [42] . Sunflower roots had a higher amount of these more chlorinated congeners compared to maize roots. PCB uptake, with respect to only less chlorinated biphenyls (congeners N o 28, 52 and 101), was found only in sunflower leaves and stalks, in contrast to other tested plants.
Concentrations of PAHs in plant roots were higher than those in shoots only on plot No 5 ( Figure 3 and 4) . According to our experiment, we can expect that higher PAH concentrations in soil cause PAH uptake to the aboveground biomass of plants. But this statement is questionable. For example, Gao and Zhu (2004) found phenanthrene and pyrene not only in the plants grown on spiked soil, but also in the aerial parts of control plants cultivated in pots with unpolluted soil [9] . Also, Binet et al. (2000) [43] and Gao and Ling (2006) [44] showed that the presence of PAHs in control plants proved the contribution of the direct uptake of these compounds from air. The significantly higher PAH concentrations were found in aerial parts of plants growing on spiked soils. However studies performed by Fismes et al. (2002) [45], Kipopoulou et al. (1999) [36] , Simonich and Hites (1995) [20] and Tao et al. (2004) [46] reported that PAHs can be taken up by plant leaves through air deposition in polluted atmosphere or by partitioning from PAH contaminated soil to the roots. In our experiment, plants were cultivated in an area with unpolluted atmosphere, therefore PAH uptake by plant roots is possible. Plants produced different amounts of biomass during particular years. Biomass of plant roots and aboveground biomass did not significantly decrease on more contaminated sites. Therefore consideration about plant stress affecting the uptake of PAHs is not possible.
Total concentrations of PAHs in tested plants ranged from 0.096 to 1.34 mg/kg. The highest concentration was found in willow roots and the lowest in the aboveground biomass of maize. Among woody plants, a higher level of PAHs was accumulated by willow compared to poplar. Among herbs, a higher level was found in sunflower (till 0.517 mg/kg in roots) than in maize. Parrish et al. (2006) [47] determined 5.06 mg PAHs/kg in zucchini roots (Cucurbita pepo ssp. pepo) with 33.3 mg PAHs/kg PAHs content in rhizosperes, while stalks and leaves exhibited lower PAHs levels (2.13 and 1.13 mg/kg).
Our results did not correspond to Gao and Zhu (2004) [9] , Fismes et al. (2002) [45] and Oleszczuk and Baran (2005) [48] . In their studies, an increase in the PAH content in the soil accompanied by an increase in PAH content in plants was observed. In our experiment, plants cultivated in soil with higher PAH content had significantly lower PAH concentrations.
The results of PAH uptake by maize and sunflowers planted on plot N o 5 were observed over a two year period. Willows and poplars on this plot were evaluated only in the last year of cultivation. Maize took up a similar amount of total PAHs over two years of cultivation. Sunflowers took up a lower concentration of total PAHs in the second year of cultivation.
Phenanthrene concentrations in tested plants ranged from 0.05 to 0.26 mg/kg and pyrene concentrations ranged from 0.01 to 0.06 mg/kg ( Table 6 ). The highest phenanthrene amount was found in sunflower aboveground biomass and the highest amount of pyrene was accumulated by maize roots. Generally, the highest phenanthrene concentration was mainly in aboveground plant biomass, while pyrene was accumulated in roots in higher concentrations. According to Schroll et al. (1994) phenanthrene and pyrene accumulated by shoots from air were seldom transported to roots [49] . These chemicals, in roots grown in various spiked soils, derived from root uptake and accumulation. The uptake of phenanthrene and pyrene was subsequently accumulated in roots, or translocated to the upper part of the plants, with a portion of these chemicals becoming metabolized by the plants [50] . Su and Zhu (2008) also showed that concentrations of phenantherene and pyrene in rice roots were higher than those in shoots [51] . Previous studies indicate that PAHs, such as phenanthrene, could enter plant leaves from the atmosphere, accumulating into wax plugs of stomata, and on external surfaces of the stomatal pores, from where they enter through cuticles into the epidermis to ultimately reside on the cell walls [52] .
The PAH uptake by tested plants was observed in two plots with different PAH concentrations in soil. Our results showed that the highest levels of phenanthrene and pyrene were accumulated by plants growing in soil with lower phenanthrene and pyrene concentrations. This did not correspond with results achieved by Gao and Zhu (2004) [9] , who tested these PAHs in the biomass of 12 plants, and Gao and Ling (2006) [44] on the basis of experiments with ryegrass. Root and shoot accumulation increased with the increment of their soil concentrations, as did shoot accumulation of phenanthrene and pyrene.
Bioconcentration factors (BCF)
Values of the bioconcentration factor (BCF) were calculated from the equation: BCF = (PCBs in plant)/ (PCBs in soil) for the total PCBs content ( Figure 5 ). [48] investigated the total PAH uptake by willows (Salix viminalis) from soil enriched with contaminated sewage sludge; in the case of willow shoots, the BCF ranged from 0.004 to 0.04. In our experiment, willow (Salix x smithiana) aboveground biomass had a higher BCF (0.1 and 1.77).
Most organic pollutants were found in plant roots, and their concentrations in aboveground biomass did not vary between plant species. Therefore phytoextraction is not a suitable method for the remediation of soil contaminated with POPs.
Conclusion
The former waste incinerator in Hradec Kralove (the Czech Republic) shows heterogeneous contamination of the soil. PCB and PAH concentrations exceeded admissible values (A standard of Methodological approach of Ministry of Environment, 1996) at all sampling points. After comparison of the results from the experimental soil sample analysis with these maximum values provided by regulation N o 13/1994, we can conclude that the total PAH content was higher than the allowed concentration at all sampling points except location N o 5. Over-limit values of the total PCB content was found at all sampling points. The following representation of PCB congeners in the soil shows that a mixture of Delor 106 or Aroclor 1260 found in aboveground biomass of tested plants, while pyrene was accumulated in higher concentration in the roots of plants.
